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We report results of magnetization and 31P NMR measurements under high pressure up to 6.4 GPa
on RbMoOPO4Cl, which is a frustrated square-lattice antiferromagnet with competing nearest-
neighbor and next-nearest-neighbor interactions. Anomalies in the pressure dependences of the
NMR shift and the transferred hyperfine coupling constants indicate a structural phase transition
at 2.6 GPa, which is likely to break mirror symmetry and triggers significant change of the ex-
change interactions. In fact, the NMR spectra in magnetically ordered states reveal a change from
the columnar antiferromagnetic (CAF) order below 3.3 GPa to the Néel antiferromagnetic (NAF)
order above 3.9 GPa. The spin lattice relaxation rate 1/T1 also indicates a change of dominant
magnetic fluctuations from CAF-type to NAF-type with pressure. Although the NMR spectra in
the intermediate pressure region between 3.3 and 3.9 GPa show coexistence of the CAF and NAF
phases, a certain component of 1/T1 shows paramagnetic behavior with persistent spin fluctuations,
leaving possibility for a quantum disordered phase. The easy-plane anisotropy of spin fluctuations
with unusual nonmonotonic temperature dependence at ambient pressure gets reversed to the Ising
anisotropy at high pressures. This unexpected anisotropic behavior for a spin 1/2 system may be
ascribed to the strong spin-orbit coupling of Mo-4d electrons.
I. INTRODUCTION
For the past decades, great efforts have been devoted
to discover novel quantum disordered states in frustrated
spin systems [1]. One of the key concepts is the geometri-
cal frustration inherent in triangle-based structures such
as triangular, Kagome and pyrochlore lattices. In these
lattices, exchange interactions on equivalent bonds com-
pete strongly to destabilize magnetic order and may lead
to quantum disordered ground states such as spin liq-
uid or spin ice [2, 3]. Another type of frustration can
be caused by competition between inequivalent exchange
interactions, for example, those on the nearest-neighbor
(NN) and the next-nearest-neighbor (NNN) bonds. The-
ories on such models have predicted, in addition to the
quantum disordered phases, unconventional symmetry
breaking with novel order parameters such as spin chi-
rality, spin density wave, and spin nematic order [4–6].
Experimentally, by taking advantage of chemical control-
lability of competing interactions, various frustrated an-
tiferromagnets with quasi-one-dimensional [7–18] or two-
dimensional [19–32] structures have been investigated.
The spin-1/2 Heisenberg model on a square lattice de-




Si · Sj + J2
∑
NNN
Si · Sk, (1)
is a prototype of intensively studied frustrated systems
of the second type [33]. As shown in Fig. 1(a), the
NN interaction J1 along the side of the square competes
with the NNN interaction J2 along the diagonal when
J2 is antiferromagnetic (J2 > 0). The phase diagram
shown in Fig. 1(b) contains three ordered phases: the
columnar antiferromagnetic (CAF) phase stabilized for
J2 & |J1|/2, the Néel antiferromagnetic (NAF) phase for
J2 . |J1|/2 with J1 > 0, and ferromagnetic (FM) phase
for J2 . |J1|/2 with J1 < 0. Theories have discussed the
presence of a spin liquid or a spin nematic phase near the
boundaries between CAF and NAF or FM phases [34–45].
Although several vanadium and molybdenum compounds
have been synthesized, all materials investigated so far
exhibit either NAF or CAF type magnetic order [19–
32]. Since exchange interactions depend sensitively on
structural parameters, application of high pressure is a
promising root to discover novel quantum phases. For ex-
ample, ab-initio calculation of the exchange parameters
in Li2VOSiO4 based on the structural data under high
pressure predicts that application of 7.6 GPa of pressure
would reduce the ratio J2/J1 by 40% [46].
Recently, Ishikawa et al. reported magnetic proper-
ties of the square-lattice antiferromagnet RbMoOPO4Cl
containing Mo5+ ions with spin 1/2 [32]. The crystal
structure with the space group P4/nmm consists of two-
dimensional layers of corner-shared MoO5Cl and PO4
polyhedra separated by Rb layers, as shown in Figs. 2(a)
and 2(b). Each Mo layer consists of two Mo sheets at
different heights along the c axis. Neighboring Mo atoms
within a sheet are linearly connected via one PO4 tetra-
hedron, while those at different sheets are connected at
right angles via two PO4 tetrahedra. The former and the
latter connections generate J2 and J1, respectively. The
effective moment obtained from the susceptibility data is
1.67 µB, which is close to 1.73 µB for free spin 1/2 [32],
indicating the nondegenerate orbital state likely to be dxy
type as is the case for other molybdenum and vanadium
compounds [25–30].
The temperature dependence of the susceptibility is
fitted well to the high temperature series expansion of
spin-1/2 square lattice Heisenberg model with only one



























of fitting was achieved by using the J1-J2 model, indicat-
ing that either J1 or J2 is very small. Since the CAF order
is confirmed below TN = 8 K by the
31P-NMR and neu-
tron scattering measurements [32], it is concluded that
J2 = 29 K and J1 is negligibly small.
When the Rb ions are replaced by K ions, the exchange
constants changes as J1 =−2 K and J2 =19 K [32]. On
the other hand, de-intercalation of the Rb and Cl ions
generates another layered material MoOPO4 with the
space group P4/n, which orders in the NAF structure
below TN = 16 K [30]. The fitting of the susceptibility
data gives J1 = 11.4 K and J2 = −5.2 K, corresponding
to J2/J1 = −0.46. The large difference of the exchange
interactions between RbMoOPO4Cl and MoOPO4 may
be attributed to the different crystal symmetry [30]. Un-
like RbMoOPO4Cl, the MoO6 and PO4 polyhedra in
MoOPO4 are twisted around the c-axis in opposite di-
rections as shown in Fig. 2(c). This structural distortion
is likely to cause significant changes in the hybridization
between Mo-4d and O-2p orbitals, therefore, in the ex-
change constants.
In this paper, we report results of magnetization and
31P NMR measurements on RbMoOPO4Cl under high
pressures. Both the magnetization and the NMR fre-
spin nematic spin liquid
J1


























FIG. 1. (Color online) (a) The columnar antiferromagnetic
(CAF) and Néel antiferromagnetic (NAF) spin structure on
the frustrated square lattice with competing exchange interac-
tions J1 and J2 along the solid and dashed lines, respectively.
(b) Schematic phase diagram of the spin-1/2 J1-J2 Heisen-
berg model on a square lattice with the proposed locations of
candidate materials [30]. The FM refers to the ferromagnetic
state.
quency shift increase substantially with pressure P , indi-
cating reduction of antiferromagnetic exchange interac-
tion. The pressure dependence of the NMR shift shows
a clear change of slope at Pc = 2.6 GPa over a wide
range of temperature, indicating a structural transition.
This transition is likely to break the mirror symmetry
with respect to the ac- and bc-planes owing to the twist
of MoO5Cl and PO4 polyhedra similar to what was ob-
served in MoOPO4.
The pressure dependence of the NMR spectra at low
temperatures demonstrates the CAF magnetic order be-
low 3.3 GPa and the NAF order above 3.9 GPa. The tem-
perature dependence of the spin lattice relaxation rate
1/T1 also indicates a change of dominant magnetic fluc-
tuations from CAF-type to NAF-type. We argue that
the drastic change of the ratio J2/J1, which is required
to account for the CAF to NAF magnetic transition, is
primarily driven by the change of structural symmetry



























FIG. 2. (Color online) (a) Perspective view of the crystal
structure of RbMoOPO4Cl and (b) projection along the c
axis. The nearest-neighbor J1 and next-nearest-neighbor J2
exchange interactions are depicted by the blue and red dashed
lines. (c) The crystal structure of MoOPO4 viewed along the
c axis. Solid lines in (a)-(c) represent the unit cell. These
figures are drawn by VESTA [48].
3
3.3 GPa and 3.9 GPa, the NMR spectra indicate coexis-
tence of the CAF and NAF structures, pointing to a first-
order transition with inhomogeneous distribution of the
critical pressure. However, the nuclear relaxation curve
at P = 3.66 GPa reveals a component of 1/T1 showing
paramagnetic behavior with persistent spin fluctuations
down to the lowest temperature, unlike the behavior of
either CAF or NAF phases. Thus a quantum disordered
ground state in the intermediate pressure range still re-
mains a possibility.
Although unexpected for a spin 1/2 system, magnetic
anisotropy with anomalous temperature and pressure de-
pendences is observed. At ambient pressure, both the
CAF ordered moment and the spin fluctuations show
easy plane anisotropy. Furthermore, the anisotropy of
spin fluctuations exhibits anomalous nonmonotonic tem-
perature dependence. The anisotropy gets reversed at
higher pressures where the NAF order is stabilized; both
the NAF ordered moment and the critical spin fluctua-
tions near TN show strong Ising anisotropy. The puzzling
anisotropic behavior appears to be a distinct feature of
RbMoOPO4Cl, presumably caused by strong spin orbit
interaction of Mo-4d electrons.
II. EXPERIMENTAL PROCEDURE
Polycrystalline samples prepared by the solid state
reaction method were used for magnetization measure-
ments [32]. For NMR measurements, single crystals were
grown by the flux method [32].
Magnetization measurements were performed by using
a SQUID magnetometer (Quantum Design, MPMS). We
used a piston-cylinder pressure cell at low pressures up
to 1.6 GPa. A piece of Pb metal and 8.8 mg of the poly-
crystalline sample of RbMOPO4Cl were placed in the
pressure cell filled with glycerol as the pressure trans-
mitting medium. The pressure values were calibrated in
situ from the known pressure dependence of the super-
conducting transition temperature of Pb metal [49].
Magnetization measurements above 2 GPa were car-
ried out by using an opposed-anvil pressure cell [50, 51].
A small amount of polycrystalline sample of 0.4 mg and
Si-grease were placed in the cell. As in situ pressure cal-
ibration was not possible because of the limited sample
volume, pressure values were determined from separate
measurements for Pb metal with the same applied load to
the cell. In all high-pressure measurements, we recorded
the SQUID response curves from the cell with and with-
out the sample and the difference was analyzed to obtain
the magnetization from the sample. Details of this pro-
cedure are explained in Appendix A.
The 31P NMR measurements were conducted at a fixed
field of 5.0 T on three pieces of single crystals (]1-3)
with the size ∼1.0 × 0.8 × 0.1 mm3 selected from the
same batch. The crystal ]1, which is the same crys-
tal used in the previous NMR measurements reported
in Ref. 32, was used for the measurements at ambient
pressure. NMR measurements under high pressure at
P = 2.6, 4.0 and 6.4 GPa were conducted on the crys-
tal ]2, while the crystal ]3 was used for measurements at
other pressure values. An opposed-anvil pressure cell [52]
was used for all NMR measurements with glycerol as the
pressure medium. The pressure values were determined
in situ from the 119Sn NMR Knight shift measured on
Sn metal powder placed in the NMR coil [52].
The 31P NMR spectra were obtained by summing the
Fourier transform of spin echo signal recorded at equally
spaced frequencies. The spin lattice relaxation rate 1/T1
was measured by saturation recovery method. The time
(t) dependence of the spin echo intensity after the satu-
ration pulse was fitted to the following function with a
single value of 1/T1,
I(t) = Ieq (1− exp(−t/T1)) , (2)
except for a certain pressure region, where 1/T1 has sig-
nificant distribution as described later.
Since 31P nuclei have spin 1/2, each nucleus has a
unique magnetic resonance frequency given by
ν = γN| 〈Bloc〉 | = γN|Bext + 〈Bhf〉 |, (3)
where γN = 17.235 MHz/T is the nuclear gyromagnetic
ratio, Bloc is the local magnetic field acting on the nu-
cleus, which is the sum of the external field Bext and the
microscopic hyperfine field Bhf generated by surround-
ing Mo magnetic moments, and 〈. . .〉 denotes the time
average. In this paper, 31P NMR spectra are shown as a
function of the internal field Bn defined as,
Bn = |Bext + 〈Bhf〉 | −Bext. (4)
In the paramagnetic state where 〈Bhf〉 = 0 at Bext = 0,








Figure 3(a) shows the temperature dependences of
magnetic susceptibility M/Bext at Bext = 1.0 T for
P = 0.0 ∼ 1.6 GPa measured with a piston-cylinder pres-
sure cell. With increasing pressure, M/Bext increases and
the broad peak observed near 30 K at ambient pressure
shifts to lower temperatures. The peak temperature of
M/Bext is plotted against pressure in Fig. 3(b). The ex-
change interaction at each pressure was determined by
fitting M/Bext to the high-temperature series expansion
of the spin-1/2 Heisenberg model on a square lattice with
a single exchange parameter J [47] as described in the
previous report [32]. The fitting is satisfactory down to
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FIG. 3. (Color online) (a) Temperature dependences of mag-
netic susceptibility M/Bext at Bext = 1.0 T for P ≤ 1.6 GPa
measured with a piston-cylinder cell. The results at 2.6 GPa
are obtained by linearly extrapolating the data below 1.6 GPa
at each temperature (see Fig. 5). The red solid curves show
fitting to the high-temperature series expansion of the spin-
1/2 Heisenberg model on a square lattice with a single ex-
change parameter J between NN sites. (b) Pressure depen-
dence of J obtained from the fitting shown in (a) (solid dots).
For comparison, the peak temperatures of M/Bext (open cir-
cles) and NMR shift Kc (solid squares) are also plotted.
indicating that J2 remains dominant over J1 up to 1.6
GPa as is the case at ambient pressure. The pressure
dependence of J plotted in Fig. 3(b) agrees very well
with the peak temperature of M/Bext, indicating that
the latter provides a good quantitative estimate of J2 in
this material.
Figure 4(a) shows M/Bext at higher pressures mea-
sured with an opposed-anvil cell. Details of the anal-
ysis of the raw data of SQUID response at 4.1 GPa is
described in Appendix A. For comparison, M/Bext at
ambient pressure measured without the pressure cell is
also shown. Because of limited sample volume and large
background from the cell with inevitable uncertainty, it is
likely that the results at high temperatures are influenced
by systematic error. However, the dramatic increase of
M/Bext at high pressures and low temperatures is beyond
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FIG. 4. (Color online) (a) Temperature dependences of mag-
netic susceptibility M/Bext at Bext = 1.0 T for P ≥ 2 GPa
measured with an opposed anvil cell. For comparison M/Bext
at ambient pressure measured without the pressure cell is also
shown. (b) Magnetization is plotted as a function of field at
T = 5 K for P = 3.2 and 4.1 GPa.
creases rapidly below 10 K. Also the manetization curves
at T = 5 K shown in Fig. 4(b) exhibits abrupt rise near
Bext ∼ 0, followed by nonlinear and gradual increase at
higher fields. Such behaviors are typical of a ferromagnet.
Since the magnitude of the initial rise of magnetization is
less than 0.1 µB, this weak ferromagnetism is most likely
caused by canting of antiferromagnetic moments.
Since it is difficult to obtain reliable data for 1.6 ≤ P ≤
3.2 GPa, we have attempted to extrapolate the results
below 1.6 GPa obtained with the piston-cylinder cell to
higher pressures. In Fig. 5, the pressure dependences of
M/Bext are shown at selected temperature values (open
circles). The data can be well fitted to straight lines
at all temperatures. This allows us to estimate M/Bext
at higher pressures by extrapolating the linear relations.
The plot of M/Bext at 2.6 GPa in Fig. 3(a) is an example
of such extrapolation, which will be used in the analysis


































FIG. 5. (Color online) Pressure dependences of M/Bext at
selected temperatures (open circles) fitted to straight lines.
The solid squares show the extrapolated values of M/Bext at
2.6 GPa.
.
B. 31P NMR spectra
Figures 6(a)−(h) show the temperature dependences
of 31P NMR spectra obtained for Bext = 5.0 T along the
c-axis under various pressures. The spectra are plotted as
a function of the internal field Bn defined in Eq. (4). At
ambient pressure [Fig. 6(a)], the resonance peak appears
at a negative value of Bn in the paramagnetic phase down
to 10 K. This means that the direction of the hyperfine
field at 31P nuclei produced by the surrounding Mo mo-
ments is opposite to the external field. The temperature
dependence of |Bn| at the spectral peak is similar to that
of the magnetic susceptibility with a maximum near 30
K. Below TN = 8 K the spectrum splits into two peaks as
has been reported in Ref. [32]. This splitting is ascribed
to the CAF type magnetic order (see Ref. [32] and the
discussion in Sec. IV B). At P = 1.56 GPa [Fig. 6(b)],
the peak value of Bn stays nearly zero in the entire tem-
perature range of the paramagnetic phase. With further
increase of pressure, the sign of Bn is reversed to posi-
tive as indicated by the spectra (c)-(h). The line splitting
at low temperatures continues up to 3.3 GPa. However,
the onset temperature of the splitting decreases gradually
with pressure above 2 GPa.
The spectral shape in the ordered phase changes re-
markably above 3.3 GPa. To make it easier to see this
change, the spectra at the lowest temperature (1.5 K) are
collected in Fig. 7 for 2.9 ≤ P ≤ 4 GPa. Up to 3.3 GPa,
the spectra consist of split two peaks originating from
the CAF order. For P = 3.48 GPa, a new small peak ap-
pears at Bn = 0.37 T [Figs. 6(e) and 7]. With increasing
pressure, this new peak grows while the other two peaks
from the CAF phase get suppressed, until the spectrum
has only one peak near Bn = 0.4 T above 3.88 GPa. As
we discuss later in Sec. IV B, this new peak is assigned
to the NAF order. The spectra in the intermediate pres-
sure region between 3.3 and 3.9 GPa can be understood
as the superposition of two spectra, each of which be-
longs to CAF and NAF phase, although the individual
lines are significantly broader than those in the spectra of
pure phases. See, for example, the spectrum at 3.66 GPa.
This suggests that two phases coexist in a finite range of
pressure. We will come back to this point later.
The temperature dependence of NMR spectra obtained
for Bext = 5.0 T parallel to the ab-plane are shown in
Fig. 6(i) at ambient pressure and (j) at 4.0 GPa. At
ambient pressure, the peak of the spectrum remains near
Bn = 0 without splitting below TN, in contrast to the case
for Bext ‖ c. This has been explained by the CAF order
with the antiferromagnetic moments in the ab-plane [32].
The spectrum at 4.0 GPa does not show any splitting
either. However, the spectral peak at low temperatures
below 4.2 K appears at a large value of Bn exceeding 0.6
T, indicating a large uniform internal field parallel to the
external field.
C. 31P NMR shift
From the value of Bn at the peak of the NMR spectra,
the NMR shift K is determined by Eq. (5) above TN.
Figure 8 shows the temperature dependence of the shift
for Bext ‖ c [Kc in (a)] and for Bext ‖ ab [Kab in (b)]
under various pressures. At ambient pressure, the shift
stays unchanged when Bext is rotated in the ab plane
because of the S4 symmetry at P sites in the P4/nmm
space group. We have confirmed that this isotropy of
Kab in the ab plane is maintained even at the highest
pressure (6.4 GPa) of our measurements, as presented in
Appendix B. This indicates that S4 symmetry at P site
is preserved under high pressure.
The sign of Kc changes from negative to positive at
a relatively low pressure near 1.6 GPa, as already no-
ticed from the variation of NMR spectra in Fig. 6. With
further increasing pressure, Kc exhibits remarkable en-
hancement. The broad peak of |Kc| near 30 K ob-
served at ambient pressure shifts to lower temperatures
at higher pressures similar to the behavior of susceptibil-
ity. The pressure dependence of the peak temperature of
|Kc| plotted in Fig. 3(b) indicates that reduction of J2
with pressure continues up to 3 GPa. Above 3.3 GPa,
Kc does not show the broad peak any more but mono-
tonically increases down to the lowest temperature. A
similar behavior is observed for Kab, whose magnitude is
larger than Kc.
Quite surprisingly, the same set of data exhibit strik-
ing anomaly when plotted as a function of pressure. In
Fig. 9 the isothermal pressure dependence of Kc is dis-
played at various temperatures from 10 to 100 K. All
curves show a clear kink or a sudden increase of slope
at a common pressure value of 2.6 GPa. The kink be-
comes more pronounced at lower temperatures. Such an
anomaly strongly suggests a pressure-induced phase tran-


































































































































FIG. 6. (Color online) Temperature dependences of 31P NMR spectra obtained for Bext = 5.0 T along the c-axis (a-h) and
in the ab-plane (i-j) under various pressures. The red, black, and blue arrows in (f) represent the three peaks (A, B and C) of
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FIG. 7. (Color online) 31P NMR spectra obtained at 1.5 K
in the magnetic field of 5.0 T along the c axis under various
pressures between 2.9 and 3.97 GPa.
it is likely a structural transition not a magnetic one. We
notice that the critical pressure of 2.6 GPa is substan-
tially smaller than the pressure range of 3.3 − 3.9 GPa,
where the change of AF spin structure is inferred from
the NMR spectra. This suggests that the structural tran-
sition triggers a drastic change of the ratio J2/J1, which
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FIG. 8. (Color online) Temperature dependences of NMR
shiftK measured under various pressures in the magnetic field
of 5.0 T (a) along the c axis, and (b) in the ab plane.
pressures.
Let us now relate the measured shift to the micro-
scopic hyperfine coupling tensor between 31P nuclei and
Mo magnetic moments. Generally in magnetic insula-























FIG. 9. (Color online) Isothermal pressure dependences of
Kc at various temperatures. The solid lines are guides for the
eyes.
the transferred hyperfine interaction mediated by the hy-
bridization between d orbitals of the magnetic ions and
p or s orbitals of ligand ions. Since such an interaction is
short ranged, it is sufficient to consider only the contri-
bution from nearest neighbors. Then the hyperfine field
Bhf at a
31P nucleus in RbMoOPO4Cl, can be expressed





Aα(ri) · µ(ri), (6)
where Aα(ri) is the transferred hyperfine coupling ten-
sors between the P nucleus at α-site and the Mo magnetic
moment µ(ri) (with µB as a unit) at ri. We write the
hyperfine coupling tensor between P(A) and Mo(1) sites
in Fig. 2(b) as
AA(r1) =
 Aaa Aab AacAba Abb Abc
Aca Acb Acc
 . (7)
We should remark that among nine components of
AA(r1) tensor, four of them, Aab, Aba, Abc, and Acb,
should be zero in the P4/nmm crystal structure of
RbMoOPO4Cl at ambient pressure, since the bond con-
necting P(A) and Mo(1) sites are on the mirror plane
perpendicular to the b-axis. However, we keep these com-
ponents in Eq. (7) because the crystal structure at high
pressures may break the mirror symmetry as will be dis-
cussed later.
The coupling tensors AA(ri) (i = 2− 4) for the other
three bonds, P(A)-Mo(i) (i = 2− 4), can be obtained by
transforming AA(r1) successively with S4 operation,
AA(r2) =








 Abb −Aba −Abc−Aab Aaa Aac
−Acb Aca Acc
 . (10)
In the paramagnetic phase, the thermal average of
the moments are uniform and given by 〈µ(ri)〉 = χ ·
Bext/NAµB for all i, where χ is the magnetic suscepti-
bility tensor per mole and NA is Avogadro number. The








= K ·Bext, (11)
where the shift tensor K is given by
K =






The off-diagonal component 2(Aab−Aba) should be much
smaller than the diagonal component 2(Aaa +Abb), even
if it is nonzero, and produces a hyperfine field perpen-
dicular to the external field. From Eqs. (4) and (5), this
makes only a second order contribution to Bn and K.









where χ‖ and χ⊥ are the magnetic susceptibility for
Bext ‖ c and Bext ‖ ab, respectively. Thus both Kab and
Kc are expected to be proportional to the magnetic sus-
ceptibility and the hyperfine coupling constants Aaa+Abb
and Acc can be determined from the proportionality con-
stants. Since the susceptibility was measured for powder
sample, uniaxial anisotropy of χ due to anisotropic g fac-
tor have to be absorbed in the anisotropy of the hyperfine
coupling constants.
The shifts Kc and Kab are plotted against the sus-
ceptibility with temperature as an implicit parameter in
Fig. 10 for P = 0.0, 2.6, and 4.0 GPa. In these plots, the
values of Bext in Eqs. (4) and (5) are corrected for the
Lorentz and demagnetization fields produced by the bulk
magnetization based on the geometry of the crystals and
the magnetization data. All sets of data can be fitted to
straight lines and the coupling constants Aaa + Abb and
Acc are determined as listed in Table I and plotted in
Fig. 10(c). The good quality of fitting should justify the
extrpolation procedure to estimate the susceptibility at
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FIG. 10. (Color online) [(a) and (b)] The shifts Kc and Kab
are plotted against M/Bext with temperature as an implicit
parameter for the pressure values of 0.0, 2.6, and 4.0 GPa.
The data are fitted to straight lines. The fitting range for the
4.0 GPa data is chosen between 20 and 60 K. (c) Pressure
dependences of the hyperfine coupling constants Aaa + Abb,
Acc, Aiso, and Aax.
Both Aaa +Abb and Acc increase drastically above the
critical pressure of 2.6 GPa, indicating that the pressure-
induced phase transition causes substantial change in the
hybridization between Mo-d and P-s, p orbitals. To ob-
tain orbital-selective information, we define the isotropic
and axially anisotropic components of the hyperfine cou-
pling tensor, Aiso and Aax, by
Aiso = (Aaa +Abb +Acc) /3,
Aax = (2Acc − (Aaa +Abb)) /6. (14)
Generally, the spin density on s orbitals produces positive
isotropic hyperfine coupling. In contrast, the spin den-
sity on p orbitals generates both anisotropic coupling via
spin dipolar field and negative isotropic coupling due to
TABLE I. The hyperfine coupling constants in unit of T/µB
for the pressure values of 0.0 (ambient pressure), 2.6, and
4.0 GPa. The isotropic and axial anisotropic part of the
hyperfine coupling constants, Aiso and Aax are defined by
Eq. (14).
P (GPa) Aaa +Abb Acc Aiso Aax
0.0 −0.054 −0.102 −0.052 −0.025
2.6 0.177 0.035 0.071 −0.018
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FIG. 11. (Color online) Temperature dependences of 1/T1
at Bext = 5.0 T parallel to the c-axis (black circles) or in the
ab-plane (red circles) under various pressures.
core polarization effect[53]. As shown in Fig. 10(c), Aiso
changes sign from negative to positive near 1 GPa and
becomes strongly enhanced above 2.6 GPa, while Aax
changes only modestly with pressure. This result indi-
cates that the structural transition at 2.6 GPa promotes
spin transfer to the s orbitals at P sites.
D. Spin lattice relaxation rate
Figure 11 shows the temperature dependences of nu-
clear spin lattice relaxation rate measured at Bext = 5.0
T along the c-axis, (1/T1)c, and in the ab-plane, (1/T1)ab,
under various pressures. Let us first remark on the very
unusual anisotropic behavior at ambient pressure. Since
J1 is nearly zero at ambient pressure, we expect the spin
system to be decoupled into two independent square lat-
tices, each of which has the unfrustrated NN interaction
J = 29 K. Then 1/T1 should be independent of temper-
ature for T  J [54–57].
On the contrary, the 1/T1 data in Fig. 11(a) exhibit
strong temperature dependence even near the room tem-
perature (T ∼ 10J). Furthermore, the temperature de-
pendence is remarkably anisotropic. While (1/T1)ab ex-
hibits a broad peak near 100 K, (1/T1)c shows rapid de-
crease from 300 K down to 200 K, followed by mild de-
crease at lower temperatures. We discuss these results in
more detail in Appendix D based on a phenomenologi-
cal model. At low temperatures, (1/T1)ab shows a sharp
peak at TN = 8 K, which should be ascribed to the diver-
gence of antiferromagnetic correlation length and associ-
ated critical slowing down of the spin fluctuations. Al-
though (1/T1)c also shows a peak at TN, the peak value
of (1/T1)c is much smaller than that of (1/T1)ab.
With increasing pressure up to 2.6 GPa, both (1/T1)ab
and (1/T1)c are strongly enhanced and become more



































































FIG. 12. (Color online) (a) Temperature dependence of
1/T1 at Bext = 5.0 T parallel to the c-axis for the pressure
values P = 3.66, 4.0, and 6.4 GPa. At P = 3.66 GPa and low
temperatures below 10 K, 1/T1 was measured at the three
peaks of the spectrum marked as A, B and C in Fig. 6(f).
The onset temperatures of rapid decrease of 1/T1 indicated by
the arrows are taken as the magnetic transition temperature
of the NAF order. (b) The recovery curves of the nuclear
magnetization at 1.5 K for P = 3.66 GPa. (c) Temperature
dependence of the stretch exponent β for the peak A and C.
TN = 6.8 K, which are much more pronounced than at
ambient pressure and nearly isotropic.
Further increase of pressure causes drastic change of
behavior. At 4.0 and 6.4 GPa, the sharp peak at TN is no
more observed either in (1/T1)ab or in (1/T1)c but both
decrease steeply below about 20 K. We should emphasize
that this change of behavior of 1/T1 occurs synchronously
with the change of NMR spectrum in the ordered states
as shown in Fig. 7. In fact, we demonstrate in Sec. IV C
that the presence (absence) of the divergent peak of 1/T1
can be understood by the dominant CAF (NAF) type
spin fluctuations.
In the intermediate pressure range between 3.4 and
3.8 GPa, the NMR spectra consist of multiple peaks
(Fig. 7). Therefore, we measured 1/T1 at each peak
separately. Figure 12 (a) shows the temperature depen-
dences of (1/T1)c at 3.66 GPa measured at the three
peaks marked as A, B, and C in Fig. 6(f). At this pres-
sure and temperatures below 4 K, the time dependence
of NMR signal intensity after the saturation pulse (the
recovery curve of the nuclear magnetization) can not be










(a) (b)P < 2.6 GPa P > 2.6 GPa
s P
mirror
FIG. 13. (Color online) (a) Schematic structure of the
MoOPO layer in RbMoOPO4Cl at ambient pressure. The
Mo-dxy and P-s orbitals have opposite parities with respect
to the mirror plane indicated by the dashed lines. Therefore,
they do not hybridize and no spin transfer is allowed to the P-
s states. (b) Proposed structural distortion at high pressures
P > Pc, which allows spin transfer to the P-s states.






as shown in Fig. 12(b). The deviation of β from one pro-
vides a measure of the distribution of 1/T1. For example,
stretched exponential relaxation behavior with β = 0.5
has been observed in alloys with dilute magnetic impuri-
ties [58], where the hyperfine field at a nucleus decays as
1/r3 with the distance r from the impurity spin. With
decreasing temperature, (1/T1)c at peak A and peak C
decrease rapidly below about 4 K, similarly to the be-
havior at higher pressures above 4 GPa. The stretch
exponent β also decreases with lowering temperature as
shown in Fig. 12(c). Although we are not aware of phys-
ical models to reproduce stretched exponential behavior
with β < 0.5, the results qualitatively point to the grow-
ing inhomogeneity with lowering temperature.
The recovery curve at peak B also shown in Fig. 12(b),
on the other hand, exhibits two step behavior below 2 K
expressed by the sum of two exponential functions with
different relaxation rates,
I(t) = Ieq − If exp (−t/T1f )− Is exp (−t/T1s), (16)
where 1/T1f and 1/T1s represent the fast and slow relax-
ation rates. While 1/T1s decreases on cooling in a sim-
ilar way to the peak A and C, 1/T1f keeps large values
down to the lowest temperature, indicating persistence
of strong spin fluctuations. Thus, even though the NMR
spectrum at 3.66 GPa may be understood as a superpo-
sition of the spectra from two ordered phases, 1/T1 data
suggest existence of a distinct paramagnetic region.
IV. DISCUSSIONS
A. Pressure induced structural transition
As mentioned in Sec. III C, anomaly in the pressure
dependence of Kc (Fig. 9) strongly suggests a pressure-
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induced structural transition at Pc = 2.6 GPa. Further-
more, the contrasting behavior of Aiso and Aax above
Pc (Fig. 10(c)) indicates that the structural distortion
above Pc substantially promotes hybridization between
Mo-d and P-s orbitals.
At ambient pressure, the Mo-P bond is on the mirror
plane as shown in Fig. 13(a). Because of the opposite
parities of Mo-dxy and P-s orbitals with respect to the
mirror, their hybridization is forbidden. Experimentally,
a small negative value of Aiso = −0.05 T/µB is observed
in addition to the axial component Aax = −0.03 T/µB
at ambient pressure (Table I). This can be understood as
the core polarization effect caused by the spin density on
P-p orbitals. On the other hand, the large positive value
of Aiso at high pressures above Pc (0.4 T/µB at 4 GPa)
should be ascribed to the spin density on the P-s orbital
due to direct hybridization with the Mo-dxy orbital. In
order for this to occur, the mirror symmetry must be
broken above Pc.
This observation reminds us of the structure of
MoOPO4, in which MoO6 and PO4 polyhedra are twisted
around the c-axis in opposite directions, breaking the
mirror symmetry as shown in Fig. 2(c) [30]. This struc-
ture allows hybridization between the Mo-dxy and the P-s
orbitals [Fig. 13(b)]. Indeed, NMR experiments on both
powder [31] and single crystal [59] samples of MoOPO4
revealed a large positive hyperfine coupling constant at
31P nuclei.
The structural distortion in MoOPO4 also has signif-
icant influence on magnetic properties. The magnetic
properties of MoOPO4 are very different from those of
RbMoOPO4Cl at ambient pressure [30]. For MoOPO4,
the exchange couplings are estimated as J1 = 11.4 K and
J2 = −5.2 K (J2/J1 = −0.46) and NAF-type magnetic
order has been confirmed by the neutron scattering ex-
periment [30]. As we discuss in Sec. IV B, the NAF order
is also indicated by the NMR spectra of RbMoOPO4Cl
above 3.9 GPa. Therefore, it is likely that the struc-
tural transition in RbMoOPO4Cl is accompanied by the
twist of MoO6 and PO4 polyhedra similar to MoOPO4.
We should emphasize that while the structural transi-
tion takes place sharply at Pc = 2.6 GPa, the change of
antiferromagnetic structure occurs over a finite range of
higher pressures between 3.4 and 3.8 GPa.
B. Magnetic structure
Here we discuss the antiferromagnetic (AF) spin struc-
tures based on the NMR spectra. We consider the hy-
perfine fields at 31P nuclei generated by two possible or-
dered structures, CAF and NAF, shown in Fig. 14. In
both cases, P sites are divided into two sublattices, P(A)
and P(B). The hyperfine fields BAhf and B
B
hf at P(A) and
























FIG. 14. (Color online) Schematic structures of (a) CAF
and (b) NAF antiferromagnetic order in the MoOPO layer of






B(ri)] is the hyperfine coupling tensor
between the nucleus at P(A) [P(B)] and the Mo moment
µi at ri. The A
A(ri) (i=1-4) are already given by Eqs.
(7)-(10). Since P(B) site is related to P(A) by inversion










The CAF structure is described as









 σc (Aac +Abc)σc (Abc −Aac)
σa (Acb +Aca) + σb (Acb −Aca)
 .(20)
This shows that the c-component (ab-component) of the
AF moment produces the hyperfine field in the ab-plane
(along the c-direction).
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The NAF structure is described by





which produces the hyperfine fields,
〈BAhf〉 = −〈BBhf〉
= 2
 σ′a (Aaa −Abb) + σ′b (Aab +Aba)σ′a (Aab +Aba) + σ′b (Abb −Aaa)
0
 .(22)
In this case, the c-component of the hyperfine field is
always zero irrespective of the direction of AF moment.
For both CAF and NAF structures, the hyperfine fields
at P(A) and P(B) sites have the same magnitude and
opposite directions.
The NMR spectra in our experiments are obtained in
the magnetic field of 5.0 T either parallel to the c-axis or
in the ab-plane. Then the splitting of resonance lines can
be caused only by the component of hyperfine field par-
allel to the external field. As described in section III B,
the resonance line splits into two peaks for Bext ‖ c in
the low-pressure region below 3.3 GPa. From Eqs. (20)
and (22), we conclude that such splitting is possible only
for the CAF spin structure with a finite ab-component
of the AF moment (σa or σb). The absence of splitting
for Bext ‖ ab then indicates absence of the c-component
(σc = 0). This analysis has been already presented in
Ref. 32.
Since Abc = 0 at ambient pressure as mentioned in
section III C, the interval between the split peaks for
Bext ‖ c is obtained from Eq. (20) as 4|Aca(σa − σb)| =
4
√
2σ|Aca cos(θ + π/4)|, where σa = σ cos θ and σb =
σ sin θ. The magnitude of the antiferromagnetic moment
has been determined from the neutron diffraction exper-
iment as σ = 0.53 µB [32]. The interval of the split NMR
peaks extrapolates to 0.031 T at T = 0 [Fig. 6(a)]. Then




cos (θ + π/4)
(T/µB). (23)
In the high pressure region above 3.88 GPa, the NMR
spectra show no line splitting for either Bext ‖ c or
Bext ‖ ab. These results are compatible only with
the NAF order with the AF moment along the c-axis
(σ′a = σ
′
b = 0). We should mention that the same AF
structure is observed for MoOPO4 by the neutron diffrac-
tion experiments[30]. A distinct feature of the NMR
spectra in the high-pressure region is the large uniform
internal field reaching Bn = 0.4 T at P = 4 GPa (Fig.
7). This should be ascribed to the weak ferromagnetism
shown in Fig. 4(b). In fact, the values of magnetization
(M = 0.2 µB/Mo) and the hyperfine coupling constant
(Acc = 0.31 T/µB, Table I) at 4 GPa give the expected
uniform internal field as Bn = 4AccM = 0.24 T. This is
in reasonable agreement with the experimental value of
0.4 T, considering the different conditions for the mag-
netization (at T = 5 K on powder sample) and the NMR
(at 1.5 K on a single crystal) experiments.
In the intermediate pressure range between 3.4 and
3.8 GPa, the NMR spectra show three broad peaks
(Fig. 7). This spectral shape is naturally understood
as a superposition of the spectra from the low-pressure
and high-pressure regions and indicates coexistence of the
CAF and NAF structures. At 3.66 GPa, for instance,
peak A and peak B would be assigned to the CAF phase
and peak C to the NAF phase (Fig. 6f). Then the vari-
ation of NMR spectra with pressure indicates the first-
order transition from CAF to NAF spin structure with
distribution of the critical pressure over a finite range due
to inevitable inhomogeneity or disorder.
However, the results of 1/T1 at 3.66 GPa shown in
Fig. 12 are not completely consistent with this interpre-
tation. Although 1/T1 at peak A and peak C decreases
rapidly at low temperatures, consistent with the general
behavior in ordered states, the relaxation curve at peak
B shows two components of 1/T1, one of which exhibits
paramagnetic behavior down to 1.5 K as mentioned in
section III D.
C. Spin dynamics
The spin lattice relaxation rate 1/T1 is generally ex-
pressed by using the time correlation function of the hy-








where ωN = 2πν is the NMR frequency and {A,B} ≡
(AB + BA)/2. The transverse components of hyperfine






where ζ and η denote two orthogonal directions perpen-
dicular to Bext.
Here we focus on the behavior of 1/T1 in the param-
agnetic state in the vicinity of TN, where 1/T1 shows a
sharp peak when the ground state has the CAF order
but no anomaly when the NAF order appears below TN.
In this temperature range, the critical antiferromagnetic
spin fluctuations should have sufficiently long correlation
length. Then the contribution to 1/T1 from the critical





























































when the NAF order appears below TN. Here f
CAF(NAF)
‖(⊥)
is the low-frequency amplitude of the critical CAF (NAF)
spin fluctuations parallel (perpendicular) to the c-axis.
These expressions are derived in Appendix C.
The experimental data in Fig. 11 indicate that at
ambient pressure and at 2.6 GPa, both (1/T1)ab and
(1/T1)c exhibit a divergent peak at TN. The height
of the peak is quite anisotropic at ambient pressure,
(1/T1)ab/(1/T1)c = 2.34 at TN = 8 K but becomes nearly
isotropic at 2.6 GPa [see insets of Figs. 11(a) and (b)].
Such variation of anisotropy with pressure is compatible
only with the critical CAF fluctuations, since Eqs. (28)
and (29) show that the NAF fluctuations give a univer-
sal value of the anisotropy (1/T1)ab/(1/T1)c = 0.5. This
observation is consistent with the CAF order in this pres-
sure range concluded from the NMR spectra.
Assuming that the coupling tensor is symmetric
(Aac = Aca) and considering the mirror symmetry, Abc =
Acb = 0, at low pressures below 2.6 GPa, the anisotropy











Then the experimental result at ambient pressure can be
explained by the easy plane anisotropy of the critical spin
fluctuations f⊥(QCAF)/f‖(QCAF) = 1.84, which is con-
sistent with the magnetic structure with the AF moment
lying in the ab-plane as discussed in section IV B. On
the other hand, the nearly isotropic result at 2.6 GPa,
(1/T1)ab/(1/T1)c = 0.84 at TN = 6.8 K, points to the
opposite anisotropy f⊥(QCAF)/f‖(QCAF) ∼ 0.34. The
reason for such a reversal of anisotropy with pressure is
still an open question.
At 4.0 GPa and 6.4 GPa, no critical divergence of 1/T1
is observed for both Bext ‖ c and Bext ‖ ab [Figs. 11(c)
and (d)]. These results rule out critical CAF fluctua-
tions since they cause divergence of (1/T1)ab regardless
of the direction of fluctuations [see Eq. (27)]. Further-
more, Eqs. (28) and (29) tell us that our results are com-
patible only with the critical NAF fluctuations confined
along the c-axis, i.e. in-plane critical spin fluctuations
must be completely absent. These observations are in-
deed consistent with the NAF order with the AF moment
along the c-axis as deduced from the NMR spectra in sec-
tion IV B. Such a strong Ising anisotropy of spin fluctua-
tions is surprising for a spin-1/2 system, where the single
ion anisotropy is absent and anisotropic interactions such
as the Dzyaloshinsky-Moriya interaction allowed for the
NNN bonds and other anisotropic exchange interaction
should be much smaller than the isotropic Heisenberg
interactions.
Nevertheless, even more intriguing anisotropic behav-
ior is observed at ambient pressure in a wide temperature
range as shown in Fig. 11(a). This result is analyzed in
detail in Appendix D. At ambient pressure, the spin fluc-
tuations have easy-plane anisotropy, opposite to the high-
pressure phase. The analysis presented in Appendix D
shows that the ratio of the c-axis to the ab-plane spin
correlation functions shows nonmonotonic temperature
dependence with a broad peak near 100 K (Fig. 20). Al-
though we have no idea at moment to explain the mech-
anism of this anomalous behavior, any anisotropic phe-
nomena should in principle be caused by strong spin-orbit
coupling of Mo-4d electrons. The peculiar anisotropic be-
havior of spin dynamics is a distinct and novel feature of
RbMoOPO4Cl, which deserves further investigation.
D. Phase diagram
The pressure versus temperature phase diagram of
RbMoOPO4Cl determined from the present NMR mea-
surements is shown in Fig. 15. The vertical dashed line
indicates the structural transition at 2.6 GPa identified
by the kink in the NMR shift (Fig. 9). The magnetic
transition temperatures TN of the CAF phase are deter-
mined from the onset of NMR line splitting for Bext ‖ c
(Fig. 6) or the peak of (1/T1)c (Fig. 11). Concerning the
NAF phase, there is no signature of clear experimental
anomaly at TN. Therefore we determined TN from the
temperature at which (1/T1)c starts to decrease rapidly
















FIG. 15. (Color online) Pressure vs temperature phase dia-
gram of RbMoOPO4Cl determined by the present
31P NMR
measurements. The dotted vertical line indicates the struc-
tural transition at Pc = 2.6 GPa. The red dots (red open
squares) represent TN of the CAF order determined from the
splitting of NMR spectra [the peak of (1/T1)c]. The blue dots
indicate TN of the CAF order determined from the onset of
rapid decrease of (1/T1)c marked in Fig. 12. The dashed lines
are guides for the eyes.
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is rather large.
Below the critical pressure Pc = 2.6 GPa of the struc-
tural transition, J1 keeps small values while J2 decreases
gradually with pressure as shown in Fig. 3(b). The value
of J2 at Pc is about a half of that at ambient pressure.
On the other hand, TN of the CAF order stays nearly
constant 7 − 8 K. This can be understood if the inter-
layer coupling increases with pressure, compensating for
the reduction of J2. In contrast to the modest variation
of exchange interactions below Pc, much more drastic
changes of J1, J2, and their ratio are inferred above Pc,
given the rapid decrease of TN and the change of spin
structure from CAF to NAF only slightly above Pc, al-
though we do not have sufficient data to determine J1
and J2 quantitatively above Pc. We propose that the
change of crystal symmetry involving twist of MoO6 and
PO4 polyhedra would be the key driving force for this
change of behavior. The CAF phase begins to be par-
tially replaced by the NAF phase above 3.3 GPa and
completely disappears near 3.9 GPa, above which only
the NAF phase survives. The NAF phase has substan-
tially higher TN than the CAF phase,
In the intermediate pressure range between 3.3 and
3.9 GPa, the NMR spectra show coexistence of the CAF
and NAF spin structures. This indicates a first-order
transition between two ordered phases with distribution
of the critical pressure owing to certain inhomogeneity or
disorder. Indeed the direct transition between these two
ordered phases has to be first order because of the distinct
broken symmetries. However, 1/T1 data at 3.66 GPa re-
veal existence of a paramagnetic component with per-
sistent spin fluctuations down to 1.5 K (Fig. 12). It
has been theoretically proposed that spin liquid states
with zero or a small energy gap may exist between the
two ordered phases [35–43]. Thus the 1/T1 data raises
possibility of a spin liquid phase between the CAF and
NAF phases which, however, may be fragile against disor-
der and difficult to identify with spectroscopic evidence.
Whether the paramagnetic behavior revealed by the 1/T1
measurements is an intrinsic signature of a quantum dis-
ordered phase or caused by extrinsic disorder is still an
open question. Further investigations including experi-
ments at lower temperatures are required.
V. CONCLUSION
We performed magnetization and 31P NMR measure-
ments on RbMoOPO4Cl under high pressures. The large
enhancement of magnetization with pressure indicates
that high pressure is a very efficient tool to tune exchange
interactions in this material. This is also evidenced by
the strong pressure dependence of hyperfine coupling
constants, which are determined by the orbital hybridiza-
tion between Mo and P sites. A pressure-induced struc-
tural phase transition at Pc = 2.6 GPa is revealed by the
anomaly in the pressure dependence of the NMR shift.
The substantial increase of the isotropic hyperfine cou-
pling constant above Pc suggests breaking of mirror sym-
metry, likely resulting from the twist of MoO5Cl and PO4
polyhedra similar to what was observed in MoOPO4.
The structural transition accelerates the variation of
exchange interactions with pressure and drives the mag-
netic phase transition at higher pressure region. The
pressure dependence of the NMR spectra at low temper-
atures reveals the change of antiferromagnetic spin struc-
ture from CAF to NAF, which takes place over a finite
range of pressure 3.3−3.9 GPa. The nuclear spin lattice
relaxation rate 1/T1 exhibits a divergent peak at TN at
low pressures but such a peak is absent at high pressures.
This result can be also explained by the change of critical
spin fluctuations from CAF type to NAF type.
In the intermediate pressure region between 3.3 and
3.9 GPa, the NMR spectra indicate coexistence of the
CAF and NAF phases, pointing to a first-order transition
influenced by disorder. However, a certain component of
1/T1 at P = 3.66 GPa shows paramagnetic behavior with
persistent spin fluctuations down to the lowest temper-
ature. Whether this behavior is an intrinsic signature
of a quantum disordered phase or not is still an open
question..
Finally, we remark on the highly anisotropic behavior
unexpected for a spin 1/2 system. At ambient or low
pressures, both the CAF ordered moment and the spin
fluctuations show easy plane anisotropy. Furthermore,
the anisotropy of spin fluctuations at ambient pressure
exhibits very unusual nonmonotonic temperature depen-
dence. The anisotropy gets reversed at higher pressures.
Both the NAF ordered moment and the critical spin fluc-
tuations near TN show strong Ising anisotropy. The puz-
zling anisotropic behavior appears to be a distinct feature
of RbMoOPO4Cl, likely to be caused by strong spin orbit
interaction of Mo-4d electrons.
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Appendix A: Analysis of the SQUID data under
high pressures
We describe the procedure to measure magnetization
under high pressures. Figure 16(a) shows the SQUID re-
sponse obtained from the standard 4 cm long DC scan
at Bext = 1.0 T under the pressure of 4.1 GPa at various
temperatures. The circles represent the data from the
pressure cell with the sample, while the solid lines shows
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FIG. 16. (Color online) (a) The SQUID response obtained
from the standard 4 cm long DC scan. The circles represent
the data obtained from the pressure cell with the sample at
4.1 GPa and Bext = 1.0 T in the temperature range 2 K
≤ T ≤ 300 K. The solid lines represent the data from the cell
without the sample and the dashed lines are the base lines for
each temperature. (b) The difference of the SQUID responses
with and without the sample. The solid lines show the fitting
to Eq. (A1).
ences are plotted in Fig. 16(b) and fitted to the function,
f(Z) =a1 + a2Z + a3
[ 2
[R2 + (Z + a4)2]3/2
− 1
[R2 + (Γ + (Z + a4))2]3/2
− 1




where Z is the scan distance and a1, a2, a3, and a4 are the
fitting parameters. The constants Γ and R are related to
the geometry of the detection coil of SQUID and known
in advance. The magnetization is obtained from the value
of a3 by multiplying a conversion factor [50, 60].
At low temperatures below 10 K, the two sets of
SQUID data with and without the sample can be clearly
distinguished in the raw data in Fig. 16(a) and their dif-
ference displayed in Fig. 16(b) shows a peak at the right
position. Thus we are confident that the contribution
from the sample is correctly obtained by this procedure.
On the other hand, at high temperatures, the two sets
of SQUID data are almost indistinguishable in Fig. 16(a)
and the peak position of the difference curve in Fig. 16(b)
is significantly shifted from the expected sample position.
Therefore most likely the difference curves are heavily in-
fluenced by the inevitable irreproducibility of the SQUID
response from the pressure cell in addition to the con-


















































FIG. 17. Temperature dependence of the 31P NMR spectra
at 6.4 GPa with the magnetic field of 5.0 T (a) along the




P = 6.4 GPa
T = 20 K






P = 6.4 GPa








FIG. 18. Angle dependence of NMR shift K measured at
20 K and 6.4 GPa with the magnetic field (a) tilted from the
c-axis to the ab-plane and (b) applied in the ab-plane.
primary reason for the large deviation above 100 K be-
tween the susceptibility data at high pressures and the
data at ambient pressure measured without the pressure
cell displayed in Fig. 4(a).
Appendix B: Axial symmetry of the shift at 6.4 GPa
Figures 17(a) and 17(b) show temperature depen-
dences of the 31P NMR spectra at 6.4 GPa for Bext ‖ c
and Bext ‖ ab. As is the case at 4.0 GPa shown in
Figs. 6(h) and 6(j), the spectra shifts to larger values
of Bn with decreasing temperature without splitting at
15
low temperatures. Figures 18(a) and 18(b) show the an-
gle dependence of K at T = 20 K. When the field is tilted
from the c-axis to the ab-plane, the angle dependence is
described as K(θ) = Kc cos
2 θ + Kab sin
2 θ, which is the
same relation observed at ambient pressure. On the other
hand, when the field is rotated in the ab plane, K stays
constant within the experimental error, i.e., K is isotropic
in the ab plane. This indicates that the S4 symmetry at
P site is preserved under high pressure.
Appendix C: Spin dynamics in the vicinity of TN
Here we derive the expressions Eqs. (26)−(29) for
the contribution to 1/T1 from critical AF spin fluctua-
tions. By using the Fourier transform of the hyperfine
coupling tensor A(q) and magnetic moment µ(q) for





















Let us consider the relaxation rate at the P(A) site in
Fig. 2. By substituting Eqs. (7)-(10) into Eq. (C1), 1/T1














where Aζα(q) are the ζα-component of the hyperfine
form factor tensor A(q) given by
A(q) = 2
























and µαα(q) (α = a, b, c) are dynamical correlation func-
tions of the magnetic moments,
µαα(q) =
∫
dteiωNt 〈{µα(q, t), µα(−q, 0)}〉 . (C6)
In the vicinity of TN, where the antiferromagnetic cor-
relation length is sufficiently large, the dominant mag-
netic fluctuations are confined in a narrow region of q-
space in the neighborhood of the ordering wave vector












where fαα(Q) is the sum of dynamical correlation func-
tions of the magnetic moments µαα(q) in q-space around




µαα(Q + q). (C8)
In the following, we assume axial anisotropy for the crit-
ical spin fluctuations, faa(Q) = fbb(Q) ≡ f⊥(Q) and
fcc(Q) ≡ f‖(Q).
For the CAF structure shown in Fig. 14(a) with the
spin stripe along [110], the ordering wave vector is given
by QCAF,1 = (π, π). There is another equivalent CAF
domain with the stripe along [110], which is described by
QCAF,2 = (π,−π). The hyperfine coupling tensors for
the first domain is given as
A(QCAF,1) = 2i
 0 0 Aac +Abc0 0 Abc −Aac
Aca +Acb Acb −Aca 0
 ,(C9)
By substituting Eq. (C9) into Eq. (C7), we obtain































This anisotropy of 1/T1 in the ab-plane is caused by
selecting the first CAF domain. In the paramagnetic
state, the critical fluctuations of the second CAF domain
should equally contribute to 1/T1, for which the expres-
sions for (1/T1)a and (1/T1)b are exchanged. There-
fore, experimentally observed (1/T1)ab should be the
average of the two, leading to the expression in Eq.
(27). Since QCAF,1 and QCAF,2 are equivalent, we set




For the NAF structure shown in Fig. 14(b), the order-
ing wave vector is given by QNAF = (2π, 0) and
A(QNAF) = −2
 Aaa −Abb Aab +Aba 0Aab +Aba Abb −Aaa 0
0 0 0
 .(C11)
We then obtain Eqs. (28) and (29) by substituting
Eq. (C11) into Eq. (C7) and simplifying the notation as
fNAF⊥ ≡ f⊥(QNAF).
Appendix D: Spin dynamics at ambient pressure
Here we discuss possible mechanism causing the
very unusual temperature dependences of (1/T1)c and
(1/T1)ab at ambient pressure shown in Fig. 11(a). First
we rewrite the formula for 1/T1 in terms of pair correla-
tion functions in real space to analyze spin fluctuations
in a wide temperature range far above TN. From Eq. (6),



















dteiωNt 〈{µα(ri, t), µα(rj , 0)}〉 . (D2)
is the pair correlation function between the moments at
ri and rj . In addition to the on-site auto correlation func-
tion µautoαα = µ
ii
αα, we consider three types of pair correla-
tion among four Mo sites shown in Fig. 2: two types of the
nearest-neighbor correlation, µNNAαα for the pairs Mo(1)-
Mo(2) and Mo(3)-Mo(4) and µNNBαα for the pairs Mo(1)-
Mo(4) and Mo(2)-Mo(3), and the next-nearest-neighbor
correlation µNNNαα for the pairs Mo(1)-Mo(3) and Mo(2)-
Mo(4). At ambient pressure, the CAF-type short-range
correlation should develop at low temperatures, where
µNNAαα = −µNNBαα and µNNNαα < 0 [Fig. 14(a)].
In order to simplify the analysis, we assume that all







‖ (δ= auto, NNA, NNB, or NNN).
At ambient pressure, Aab = Aba = Abc = Acb = 0 be-
cause of the mirror symmetry and we assume Aac = Aca.
































































We first reexamine the critical behavior of 1/T1 near
TN and demonstrate that the pair correlation formalism
leads to the identical results as obtained in section IV C.
The critical CAF spin fluctuations with sufficiently large
correlation length can be described by the following re-
lations for pair correlation functions,
µautoαα = µ
NNA
αα = −µNNBαα = −µNNNαα = µcfαα, (D5)
Basically, µcfαα and fαα(QCAF) in Eq. (C8) represent the
same critical fluctuations. By substituting Eq.(D5) into



























These are exactly the same results as Eqs. (26) and (27)
with Abc = Acb = 0.
Let us now examine the temperature dependence and
the anisotropy of 1/T1 in a wide temperature range be-
low 300 K shown in Fig. 11(a). The experimental results
are anomalous in two aspects. First, both (1/T1)c and
(1/T1)ab are strongly temperature dependent even near
the highest temperature (300 K) of our measurements,
which is ten times larger than J2. Second, the temper-
ature dependences of (1/T1)c and (1/T1)ab are remark-
ably different. This means that not only the auto and
pair correlation functions have anomalous temperature
dependences but also their anisotropy has peculiar tem-
perature dependence. In order to disentangle these two
effects, we make further simplifications as follows.
First, we assume that the sum of nearest-neighbor cor-
relations is negligible at ambient pressure, µNNAαα + µ
NNB
αα
= 0. This is because the nearest-neighbor interaction J1
is nearly zero at ambient pressure and the spin system
can be approximated by decoupled two square lattices in-
teracting only via J2. Even though the nearest-neighbor
correlations may develop at low temperatures via order
by disorder mechanism, such correlations should be of
the CAF type, therefore, their sum over all bonds will





= (Γ1 + Γ3)µ
auto
‖ + (Γ2 + 2Γ3)µ
auto
⊥
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FIG. 19. Temperature dependence of (1/T1)c at ambient
pressure. The same data as shown in Fig. 11(a) are plotted


























FIG. 20. Temperature dependence of the ratio
(1/T1)ab/(1/T1)c at ambient pressure indicated by the left
axis. The right axis shows the value of R defined by





















Next, we estimate the magnitudes of Γ1-Γ3. The




2. Concerning the hyper-
fine coupling constants in the ab-plane, only the axi-
ally symmetric component is determined from the K-
χ analysis as Aaa + Abb=−0.054 T/µB (Table I). We
tentatively assign the limit of in-plane anisotropy as
−0.054 ≤ Aaa, Abb ≤ 0. This leads to the possible range
of Γ2 as 0.00146 ≤ Γ2/γ2N ≤ 0.00292 (T/µB)2. The
off-diagonal coupling constant Aca depends on the di-
rection θ of the CAF moment [Eq. (23)]. We assume
−π/2 ≤ θ ≤ 0, providing the possible range of Γ3 as
1.0× 10−4 ≤ Γ3/γ2N ≤ 2.0× 10−4 (T/µB)2.
There are large differences in the magnitudes of Γ1-Γ3,
Γ1/Γ2 = 7 ∼ 14 and Γ2/Γ3 = 7 ∼ 29. Therefore, we may
omit the terms proportional to Γ3 unless the temperature
is very close to TN, where µ
auto
αα = −µNNNαα and all other






























Equation (D11) for (1/T1)c describes general behav-
ior of the relaxation rate of nuclei equally coupled to the
two nearest neighbor spins in a square lattice antiferro-
magnet. A typical example is the oxygen nuclei in the
parent compounds of high-Tc cuprates. The results of
high temperature series expansion on the 2D Heisenberg
model [56, 57] reveal that 1/T1 is constant at high tem-
peratures down to ∼ 2J , below which 1/T1 decreases
progressively as the pair correlations develop. The ex-
perimental result of (1/T1)c in Fig. 19 is consistent with
this behavior below 200 K. However, the steep increase
of (1/T1)c above 200 K is quite unusual and difficult to
understand.
A even more puzzling result is the nonmonotonic tem-





















The plot in Fig. 20 shows the temperature dependence of
the anisotropic ratio (1/T1)ab/(1/T1)c with the left axis.
The right axis indicates the value of R obtained from
Eq. (D13) by tentatively assuming the lower limit of Γ2 as
Γ2/γ
2
N = 0.00146 (T/µB)
2. At 300 K, R ∼ 0.2, indicating
strong easy plane anisotropy. With lowering temperature
down to 100 K,R increases by a factor of more than three,
then stays nearly constant down to 50 K. With further
lowering temperature, R is reduced again to small values.
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